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Abstract 
The design of helicopter structural components has been based principally on the safe life design approach, although in the last
two decades there has been increasing use of damage tolerance methodologies which focus explicitly on the progressive change 
in structural risk with time. However, the benefits to a fleet in terms of cost, safety, and fleet management, of using damage 
tolerant design over a structure designed using a safe life design approach, are still subject to some debate. This paper focuses on 
the comparison of analytical results from damage tolerance and safe life approach on a hypothetical component under a real 
helicopter spectrum. The load spectrum is reconstituted from data from the Black Hawk helicopters in use with the Australian 
Defence Force, using two methods; namely peak-valley reconstitution and reverse rainflow reconstitution. The effect of the 
reconstitution method on the life analyses is also explored. 
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1. Introduction 
For many years, helicopter fatigue designs have been based on the safe-life approach. This approach has been 
used widely to design against fatigue, and uses material data in the form of S-N curves with a damage accumulation 
model such as the Palmgren-Miner linear cumulative damage rule [1], to predict a safe operational period. That 
period is then usually factored to provide reduced risk.  There are, however, several shortcomings in the method, 
notably that it has been demonstrated to be sensitive to the presence of damage caused by materials deficiencies, 
manufacturing, assembly or in-service damage. Discrepancies between the specimens and the components can have 
a large effect on the real failure life of the components, and while this problem can be managed by introducing a 
large safety factor, that safety factor means that the majority of components will reach their retirement date while 
still being quite serviceable, an inefficient use of the components which is reflected in operational cost. There also 
remains a possibility of component failure before the safe life is reached. The difficulty in managing small pre-
existing damage led to the development of alternative fatigue design methodologies, most notably the damage 
tolerance approach in which crack growth from a defined initial crack is used explicitly to define a safe (or 
inspectable) crack growth life.  One variant of this is called flaw tolerance and it is only adopted in the helicopter 
community [2]; this method can be treated as an extension of the safe-life approach [3]. However, instead of using 
smooth specimens to derive the S-N curve, flaw tolerance uses specimens with appropriate defects or flaws, to better 
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represent reality. However, these flaws should not be confused with sharp cracks - otherwise crack initiation would 
have already occurred [4]. Instead, these flaws should be seen as stress raisers which will lead to crack development. 
Apart from the flaw tolerance, others in the community are trying to adopt the damage tolerance methods already 
well-established in fixed wing aircraft.  One of the difficulties of adopting damage tolerance in helicopters is the 
unique load spectrum. Typically, the load induced by the rotor system ranges from 5Hz (rotor frequency) to 20 Hz 
(blade passing frequency) [5]. As a comparison, a helicopter blade root end typically experiences 7000 to 70000 
cycles per hour, whereas a transport aircraft wing root experiences around 100 to 1000 cycles per hour [6]. Apart 
from that, loads in helicopters usually have a high R ratio (the ratio between minimum stress and maximum stress) 
as compared to low R ratio experienced in fixed wing aircraft [7], meaning that the data and modeling for the two 
conditions may be quite different. 
Transitioning to damage tolerance management for helicopter components that were designed using a safe-life 
approach, can also be problematic because of a different emphasis in material selection. The safe life approach relies 
more heavily on the early stages of crack development (often referred to as the initiation life), while damage 
tolerance relies solely on the growth of a well-defined crack. This usually leads to a preference for materials with 
high static strength for the safe-life approach, as these materials tend to have better resistance to crack initiation 
under laboratory condition [8].  However, such materials tend to have low fracture toughness and often display 
small critical crack sizes that limit their crack growth capability, making them a poor choice for damage tolerance 
[5, 8].  In addition,  high-strength materials are often sensitive to corrosion fatigue and stress corrosion cracking [8]. 
This paper focuses on performing a comparison of the damage tolerance and safe life approaches using a 
hypothetical component and a real helicopter spectrum from the Black Hawk helicopters in use with the Australian 
Defence Force.  In this study, the load spectrum is reconstituted using two methods, allowing exploration of the 
effect of the reconstitution method on the life prediction. 
2. Load data and reconstitution 
The data used are flight data generated originally by Sikorsky for the US Black Hawk (UH-60A). However, as 
the Australian Black Hawk fleet (S-70A-9) operates with different conditions and environments, usage spectra were 
generated through flight surveys to correlate the loading of the two fleets. The data used in this analysis are data for 
a particular mission performed by the Australian fleet. It should be pointed out that the flight data had been modified 
by Sikorsky through an equivalent life equation, so all the cyclic loading would have the same mean stress 
(461.63MPa). This also limits the range of R ratios involved in the spectrum; however, there remains a large portion 
of the load sequence having an R ratio of 5 or above. As well as that, through the same equivalent life process, 
Sikorsky omitted some information, namely the loadings that were identified as being insignificant, leading to the 
exclusion of these loadings in the reconstitution process.  
In this case study, loadings from one mission were used, but there were different configurations for this mission, 
allowing the construction of different flight spectra. In these load spectra, load reconstitutions were performed at the 
flight level. That is, for each flight configuration, loadings were reconstituted directly to form a separate flight 
spectrum. These flight spectra were then connected to form the load spectra used in this case study. Each of the 
flight configurations was drawn randomly and this order stayed the same for both of the chosen reconstitution 
methods.  Each load spectrum consisted of 50 flights, or 6717 cycles, representing 150 flight hours, and there were 
24 different stress levels (12 different amplitudes) in the spectrum. 
Two load reconstitution methods were employed in these analyses and both methods drew the load randomly to 
form flight spectra. Hence, manoeuvres were not defined separately before the formation of the flight spectrum. The 
following sections provide more information on these methods. 
2.1. Peak-valley reconstitution - based on the Helix and Felix creation method 
The first reconstitution method used is essentially the same as the method used in creation of the Helix and Felix 
standard load spectra [9, 10] in which manoeuvres were first reconstituted through a once-and-for-all random draw. 
Then these manoeuvres were arranged in a logical order to form flight spectra, and the flight spectra would then be 
drawn randomly to form the overall Helix/Felix load spectrum. 
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In the reconstitution performed here, a procedure similar to this was adopted, but instead of forming manoeuvres, 
load cycles were randomly drawn to form the flight spectra directly. These load cycles would form the flight 
spectrum following the order they had been drawn out. The flight spectra, as mentioned before, would then be 
drawn randomly like the Helix/Felix spectrum, and assembled to form the final load spectrum. 
The stress points were ordered in the same manner as in the two standard spectra. For each cycle, the stress 
started first at the mean stress, followed by the maximum stress, then minimum stress and going back to the mean 
stress at the end of the cycle. In Helix and Felix, when the mean stress changed from a higher level to a lower level, 
an extra cycle would be introduced at the transition. Because all cycles in the Black Hawk data had been modified to 
the same mean stress, no extra cycles were introduced. A portion of the load spectrum reconstituted through this 
method is shown in Figure 1.
Figure 1 A portion of the load spectrum under the peak-valley reconstitution method with mean stress of 461.63MPa. 
2.2. Reverse rainflow reconstitution 
This reconstitution method is basically a reverse application of the rainflow counting method. This method is 
well documented eg. the work by Perrett [11] and Khosrovaneh and Dowling [12], but is described briefly below. It 
should be highlighted again that the reconstitution performed in this case study is at the flight level; hence no 
manoeuvres are defined. The flight configuration order in the final load spectrum uses the same random draw as in 
the peak-valley reconstitution to minimise the number of factors involved. 
In this method, the load cycles were drawn from the largest amplitude to the smallest amplitude. The largest 
amplitudes were ordered in min-max-min to represent a more realistic loading condition. These loads were then 
recorded in a temporary load spectrum. For other, subsequent, amplitudes, the temporary load sequence was scanned 
to identify any possible locations for insertions of the next largest amplitude load, with a possible location being 
identified when the maximum load of the inserted cycle was less than or equal to the maximum load of the precursor 
cycle and the minimum load was larger than or equal to the minimum load of the precursor cycle. In other words the 
range of the inserted cycle had to fall within or equal to that of the precursor cycle in order to be identified as a 
possible insertion. Once all the possible locations were identified, one of them was drawn out randomly and a load 
cycle inserted. This was performed on a cycle-by-cycle basis. When all cycles of the second largest amplitude had 
been inserted, cycles were drawn from the third largest amplitude. The process was continued until all cycles had 
been inserted. It should be noted that depending on the location drawn, the direction of the cycles would be 
reordered to match the insertion. This reconstitution process is demonstrated through an example in Figure 2.  In this 
example, a cyclic load with stress level of 2 and 4 is to be inserted into a load spectrum. In Figure 2(a) the possible 
insertion locations have been identified for the load cycles with stress level 2 and 4. Figure 2(b) shows the resultant 
load spectrum if the cycle is inserted at position 1 and Figure 2(c) shows the spectrum if insertion was selected at 
position 2. Note that the shaded area represents the inserted cycle and the directions of the cycle are different in the 
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two cases to match the insertion location. A portion of the final load spectrum created from the Black Hawk data 
through this method is displayed in Figure 3.
Figure 2  (a) Identification of possible insertion locations  (b) inserting the cycle in position 1  (c) inserting the cycle in position 2
Figure 3 A portion of the load spectrum produced using the reverse rainflow method. 
3. Material 
The material used in this case study is PH 13-8 Mo steel, a martensitic, precipitation hardening stainless steel that 
combines high tensile strength with good corrosion resistance [13].  PH 13-8 Mo is a material used in helicopter 
rotor components, and can be aged to different conditions; the condition (H1000) used in this case study is firstly 
solution treated, then quenched and aged at a temperature of 1000°F for 4 hours. Some of the material properties are 
listed in Table 1. The material data used in this study were obtained from the Damage Tolerant Design Handbook 
Volume 1 [14] and Metallic Materials Properties Development and Standardization [15]. It should be pointed out 
that the data used in this case study do not include any allowance for safety factors. 
Table 1 Material properties of PH 13-8 Mo (H1000) 
Material Yield Strength (MPa) Ultimate Strength (MPa) Static Fracture Toughness (MPa¥m)
PH 13-8 Mo 1358 1413 99
4. Component description and analysis 
The two design methods, namely the safe-life approach and the damage tolerance approach were used to assess 
the life of a hypothetical component - a rectangular plate with a hole in the centre. The plate has a width of 127mm 
and the diameter of the hole is 3.175mm. The thickness of the plate is 3.175mm to keep the plate thin. The length of 
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the plate is 177.8mm, and the stress is applied longitudinally. Details and assumptions for the two approaches are as 
follows: 
4.1. Safe-life analysis 
The safe-life analysis in this case study used the Palmgren-Miner linear cumulative damage rule to predict the 
life of the component. This law assumes that the damage done by each fatigue loading cycle is independent and the 
damage can be accounted for using a linear cumulative approach:
 (ni/Nif ) = 1 (1) 
In Equation 1, ni represents the number of applied cycles at the stress level I, while Nif represents the fatigue life 
achievable in constant-amplitude fatigue cycling at that stress level. When the sum of the ratio equals 1, the 
specimen is assumed to have reached its fatigue life. 
In this analysis, according to Pilkey and Pilkey [16] the geometry defined earlier will have a point with a 
maximum stress concentration factor (Kt) of 2.93 based on net section. This critical point for calculation of the 
fatigue life is located on the hole rim. However, as data for Kt equal to 2.93 were not readily available, data for Kt
of 3 (an infinite plate with a hole in the centre) were used in this analysis. 
4.2. Damage tolerance analysis 
In this analysis, FASTRAN [17], a computer life prediction code based on the crack closure concept, was used to 
predict the damage tolerant life. The material data required is the da/dN vs. ǻKeff curve, where da/dN is the fatigue 
crack growth rate and ǻKeff is the effective stress intensity factor. Since the material data from handbooks are in the 
form of crack growth rate versus stress intensity factor (ǻK) for different R ratios, the data must be converted before 
the analysis can take place. According to Newman [18], the relationship between ǻKeff and ǻK is: 
ǻKeff=[(1-S0/Smax)/(1-R)]ǻK (2) 
Where So is the crack opening stress and Smax is the maximum stress level for constant-amplitude loading. The 
So to Smax ratio is a function of the constraint factor (Į) and the ratio between Smax and flow stress (ıo) (in 
FASTRAN, flow stress is the mean of the yield stress and the ultimate stress). The constraint factor varies from 1 to 
3. In plane stress, it is 1 and in plane strain, 3. Generally speaking, the maximum stress is a known value so the 
constraint factor is used as a fitting parameter [18]. 
In the material data available, the maximum stresses were not specified and so a slightly different approach was 
used to correlate the data to ǻKeff. In all the crack growth data available, the specimens’ thicknesses were specified 
and according to ASTM standard [19], plane strain conditions apply if the thickness of the specimen (B) used to 
generate the crack growth data follows Equation 3. In the equation, KIc is the static plane strain fracture toughness 
and ıYS is the yield stress. 
B>2.5(KIc/ıYS)2 (3) 
All the data available used specimens with thickness greater than the minimum value defined by Equation 3, so 
the constraint value (Į) was taken to be 3.  For the ratio between Smax and ıo, a range of values were tested for the 
ǻKeff and ǻK correlation. It was found that for the data used in this analysis, the ratio (Smax/ıo) had only a very 
small effect on the correlation. In FASTRAN, some equations will not provide an accurate result when the ratio goes 
beyond 0.6, and in that case further analysis would be needed. A value of 0.3 was selected to represent a normal 
operating stress range. 
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Apart from crack growth data in the region where the log of growth rate is linearly related to log of stress 
intensity factor range (the Paris region) the cyclic fracture toughness (KIfc) is also needed in order to determine the 
component failure. However, the cyclic fracture toughness was not available, and so it was assumed that the cyclic 
fracture toughness equals the static plane strain fracture toughness (KIc). This assumption is used because, generally 
speaking, the KIfc would be higher than KIc [20]. Also, Kudryashov [21], suggests that for high strength material 
such as PH 13-8 Mo, unstable fracture is not sensitive to the loading method, indicating that the two values would be 
similar. 
The test component defined earlier fell within the assumptions discussed above, and was used directly as no 
manipulations were needed. However, as damage tolerance only considers crack growth, without considering crack 
initiation, an initial crack size must be defined in order to carry out the analysis. According to Lincoln [22] and 
Dickson et al. [4] a typical initial crack size for corner cracks in helicopter applications is 0.381mm (0.015in), and 
this value is used in the analysis.  The crack configuration chosen for analysis is two symmetric corner cracks at the 
hole (growing in opposite directions); the two-crack configuration is chosen over the single crack case because the 
two crack case is believed to be more damaging and hence the result should be more conservative. 
5. Results
The results from the analyses are shown in Table 2. The corresponding flight hours are listed next to the number 
of cycles predicted as a fatigue life. Note that these flight hours have been rounded to the nearest tenth of an hour. 
Table 2. Results of the analyses 
Safe-life analysis Damage tolerance analysis Load reconstitution method 
No. of cycles Flight hours (hr) No. of cycles Flight hours (hr) 
Method 1: Peak-valley 224976 5024.0 8820 197.0 
Method 2: Reverse rainflow 224962 5023.7 8769 195.8 
6. Discussion
Two comparisons can be made with the above results. The first one is a comparison between damage tolerance 
and safe-life analysis. 
The predicted safe-life of the component is 5024 hours, compared to 197 hours for the damage tolerance analysis 
ie. the safe-life calculated is approximately 25 times larger than the life calculated by damage tolerance.  Such a 
result is consistent with the use of this material - a material currently used for helicopter rotor components lifed on a 
safe-life basis. As mentioned earlier, safe-life criteria usually lead to the selection of high static strength material to 
resist crack initiation, but these materials will usually have low fracture toughness; the PH 13-8 Mo steel would be 
expected to demonstrate high resistance to crack initiation, and this property was demonstrated by the high safe life 
result.  However, the limited fracture toughness leads to a limited crack growth life (in damage tolerance).  Similar 
results were obtained by Lincoln [22] and Cronkhite et al. [23] on a specific helicopter component, and indeed, the 
results on their components were more dramatic. For example, a component from an HH-53 tail rotor had a crack 
propagation time of 10 hours predicted from a 0.127mm (0.005in) flaw, but the recommended (safe life basis) 
replacement time was 11000 hours [22].  
It should be pointed out that for the damage tolerance analysis, at final fracture, the crack becomes a through-
crack, and the crack length is around 6mm. According to Crawford, Carlson and Bates [24], visual inspection has a 
high probability of detecting a crack if it is greater than 12.7mm.  Hence, a crack size of 6mm would not be picked 
up reliably by visual inspection. A small critical crack size would be a significant disadvantage as it would be harder 
to detect the cracks before component fracture, and would have a negative impact on safety.  
Comparing the results obtained with the peak-valley reconstitution and the reverse rainflow method, the life 
predictions differed by only a small amount.  In the safe-life process, it would be expected that the life calculated 
would be very similar for the two reconstitution methods, since in safe-life analysis the damage caused in one cycle 
does not affect the damage caused by another cycle, and therefore as long as the spectra consist of the same number 
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of loads for each load level, the calculated result should be the same. It was believed that the difference of 8 cycles 
between the two reconstitution methods was caused by an earlier application of a more damaging load in the reverse 
rainflow spectrum. According to the Palmgren-Miner linear cumulative rule, 1 cycle of a load with lower allowable 
fatigue life would be more damaging than 1 cycle of load with longer fatigue life. Although the cycles were not 
assumed to be interacting with each other, the ordering of the loads could still cause some difference in life. 
The difference in the damage tolerance results was also believed to be caused by the ordering of the loads within 
each of the spectra. In damage tolerance, the sequence of the loads applied does have an impact, because the plastic 
zone at the crack tip influences crack retardation in subsequent cycles.  Hence the damage tolerance result might be 
expected to exhibit more variation. Interestingly, the two damage tolerance results differ by only 51 cycles.  
Although there is only a negligible difference between the results from peak-valley reconstitution and reverse 
rainflow reconstitution, care should be taken when interpreting the results; it might seem at first sight that the two 
methods caused essentially no difference, but both of the methods used a random algorithm to draw the load. So it is 
not clear from these results whether the similarity was caused by the random drawing of cycles or whether the 
analyses were insensitive to the reconstitution methods. It is worth noting that the studies by Perett [11] and 
Khosrovaneh and Dowling [25], suggest that rainflow reconstitution spectrum appears to be a better replicate of the 
original spectrum, and this suggests it might be beneficial to use rainflow reconstitution over other methods. 
7. Conclusions 
The analysis has demonstrated that a material selected for safe-life design may not be suitable for damage 
tolerance design, and that changing the life management approach from safe life to damage tolerance could lead to a 
very conservative lifing result.  The results from the different reconstitution methods were not conclusive and more 
studies are needed to investigate the potential effect of load reconstitution methods on the two design approaches.  
8. Acknowledgments 
The authors would like to acknowledge the input and guidance of staff from the Defence Science and Technology 
Organisation in Melbourne, notably Dom Lombardo, Head of Helicopter Structural Integrity. 
References 
[1] Miner MA. Cumulative damage in fatigue. Journal of applied mechanics 1945;12:A159-A164. 
[2] Lazzeri L, Mariani U. Application of Damage Tolerance principles to the design of helicopters. International Journal of Fatigue 2008. 
[3] Tritsch DE, Adams DO. Practical application of damage tolerance and flaw tolerance to the design and management of rotor structures. 
AHS International, Annual Forum, 56th, Virginia Beach, Proceedings 2000:993-1002. 
[4] Dickson B, Krasnowski B, Roesch J, Adams D. Rotorcraft fatigue and damage tolerance. European Rotorcraft Forum, 25th, Rome, Italy, 
Proceedings 1999;2. 
[5] Irving PE, Buller RG. Prediction of fatigue life under helicopter loading spectra for safe life and damage tolerant design. Fatigue and 
fracture mechanics 1999;29:727-742. 
[6] Reddick HK, Jr. . Safe-life and damage-tolerant design approaches for helicopter structures US Army Research and Technology 
Laboratories (AVARDCOM), 1983. 
[7] Overd ML. Damage tolerance in helicopter airframes - Is crack growth practical? European Rotorcraft Forum, 25th, Rome, Italy, 
Proceedings 1999. 
[8] Everett RA, Elber W. Damage tolerance issues as related to metallic rotorcraft dynamic components. Journal of the American Helicopter 
Society 2000;45(1):3-10. 
[9] Edwards PR, Darts J. Standardised Fatigue loading Sequences for Helicopter Rotors (Helix and Felix) Part 1. Background and Fatigue
Evaluation.: National Aerospace Laboratory NLR, 1984. 
[10] Edwards PR, Darts J. Standardised Fatigue loading Sequences for Helicopter Rotors (Helix and Felix) Part 2. Final Definition of Helix 
and Felix. National Aerospace Laboratory NLR, 1984. 
[11] Perrett BHE. An evaluation of a method of reconstituting fatigue loading from rainflow counting. ICAF - The proceedings of the 14th 
symposium of the international committeeon aeronautical fatigue 1987. 
S.L.H. Chan et al. / Procedia Engineering 2 (2010) 1497–1504 1503
8 Chan et al./ Procedia Engineering 00 (2010) 000–000 
[12] Khosrovaneh AK, Dowling NE. Fatigue loading history reconstruction based on the rainflow technique. International Journal of 
Fatigue 1990;12(2):99-106. 
[13] Guitterez A. High Strength Stainless Steels. In: Advanced Materials & Processes, Vol. 164, 2006, p. 45. 
[14] Skinn DA, Gallagher JP, Berens AP, Huber PD, Smith J. Damage Tolerant Design Handbook. Volume 1. Chapters 1,2,3 and 4., Vol. 1:
University of Dayton Research Institute, 1994. 
[15] Rice RC, Jackson JL, Bakuckas J, Thompson S. Metallic materials properties development and standardization. Federal Aviation 
Administration, 2003. 
[16] Pilkey WD, Pilkey DF. Peterson's Stress concentration factors. John Wiley & Sons, INC., 2008. 
[17] Newman JC. FASTRAN-2: A fatigue crack growth structural analysis program 1992. 
[18] Newman JC. A crack opening stress equation for fatigue crack growth. International Journal of Fracture 1984;24(4):R131-R135. 
[19] ASTM. Standard test method for plane-satrain fracture toughness of metallic materials.  West Conshohocken: ASTM International, 
1997. 
[20] Newman JC. An Evaluation of the Plasticity-Induced Crack-Closure Concept and Measurement Methods 1998. 
[21] Kudryashov VG. Cyclic fracture toughness KIfc. Materials Science 1979;14(5):555-557. 
[22] Lincoln JW. Damage tolerance for helicopters. Proceedings of the Fifteenth ICAF Symposium, Jerusalem 1989:pp. 263-290. 
[23] Cronkhite J, Dickson B, Martin W, Collingwood G. Operational Evaluation of a Health and Usage Monitoring System (HUMS) NASA 
Glenn Research Center 1998. 
[24] Crawford CC, Jr., Carlson RL, Bates PR. Damage tolerance analysis for rotorcraft - What the issues are. European Rotorcraft Forum, 
17th, Berlin International Organization, 1991. 
[25] Khosrovaneh AK, Dowling NE. Analysis and reconstruction of helicopter load spectra. National Technical Specialists' Meeting on 
Advanced Rotorcraft Structures, Williamsburg United States: Alexandria, VA, American Helicopter Society, 1988. 
1504 S.L.H. Chan et al. / Procedia Engineering 2 (2010) 1497–1504
